INTRODUCTION
As the number of HIV þ individuals approaches 40 million worldwide, a new drive to cure HIV infection has gained ground. Although highly active antiretroviral therapy (HAART) has drastically improved the odds of survival in infected patients, research over the past decade has made it clear that HAART is not a curative therapy. [1] [2] [3] [4] Furthermore, o5% of the HIV þ population in many developing countries receives HAART (UNAIDS World AIDS Day Report, 2011). Even in the first world, where coverage is significantly higher, recent studies suggest that long-term HAART therapy is associated with a number of chronic diseases. [5] [6] [7] [8] In short, although HAART has significantly decreased HIV-related mortality worldwide, a cure for HIV infection remains a highly desirable, yet elusive goal.
Substantial research over the past 5 years has focused on the in vitro and in vivo modeling of the one human patient who has potentially been cured of HIV: Timothy Brown, better known as the Berlin Patient. In 2007, during treatment for relapsed acute myeloid leukemia, this HIV þ patient received an allogeneic hematopoietic stem cell transplant from a donor homozygous for the D32-null mutation in C-C chemokine receptor 5 (CCR5); 9 these cells should be resistant to infection by CCR5-tropic HIV-1. Consistent with this prediction, the Berlin Patient displays no detectable viremia to date, despite cessation of HAART. 10, 11 Although the mechanism(s) behind the eradication of HIV in this patient are unclear, multiple factors may have contributed. In addition to the CCR5-null donor cells themselves, the preparative regimens administered before hematopoietic stem cell transplant likely ablated a proportion of latently infected host CD4 þ cells, and grade I graft-versus-host disease may have further depleted the latent reservoir. 12, 13 The most likely explanation is that a combination of these factors each contributed to the long-term, HAART-independent control of HIV-1 in this patient. 14 The Berlin Patient has served as the groundwork for an expanded field of stem cell gene therapy approaches aimed at preventing HIV replication. Many, including targeting CCR5 and other host genes, whose modification may lead to the generation of HIV-resistant progenitor cells, have been reviewed elsewhere. [15] [16] [17] [18] Recently, focus has shifted to how combinatorial approaches could increase resistance to infection. In this review, we will discuss some of the most promising stem cell-based anti-HIV therapies, outline strategies for delivering targeting molecules to hematopoietic cells and highlight steps throughout the viral life cycle whose synergistic targeting may lead to HAARTindependent control of HIV infection in vivo.
THE HIV REPLICATION CYCLE OFFERS MULTIPLE POTENTIAL TARGETS FOR GENETIC INTERRUPTION OF INFECTION
The viral envelope (env) protein displayed by mature HIV-1 virions interacts with the cell surface glycoprotein CD4, which is expressed on T-helper cells, dendritic cells and monocyte/ macrophages ( Figure 1a) . 19, 20 This interaction is stabilized by env binding to one of two coreceptor molecules, CCR5 or CXC chemokine receptor 4 (CXCR4), which in turn triggers viral membrane fusion to the host plasma membrane, and release of the encapsidated, dimeric RNA genome into the cytosol. A subset of hematopoietic precursor cells may also be susceptible to low levels of HIV entry, although this point remains controversial. [21] [22] [23] [24] After uncoating of the encapsidated viral RNA in the infected cell, a bound molecule of viral reverse transcriptase converts the RNA to DNA, which is imported into the nucleus, and integrates into the host genome. Coordinated transcription and translation lead to the production of new viral RNA and proteins, which complete assembly at the plasma membrane and bud a new virus. 25 Inhibition of viral entry is one of the best-studied means of preventing viral replication. Whether through modification of the HIV coreceptors CCR5 or CXCR4 16, 26 or blocking membrane fusion through dominant-negative peptides and small molecules, 27 inhibition of HIV entry prevents viral replication by sequestering viral particles outside of the cell. Importantly, multiple subsequent stages in the viral life cycle may also be targeted, including capsid uncoating, proviral integration and targeted ablation of the integrated provirus itself (Figure 1c ). 28 Although these latter stages have received less attention in HIV eradication studies, their combination with entry-based approaches may prove essential in the development of curative therapies. We will discuss the application of these strategies in hematopoietic stem cells, which may allow for the protection of multiple hematopoietic lineages, and in differentiated hematopoietic cells such as CD4 þ T cells, which are directly impacted by HIV infection (Figures 1a and b) . 
CCR5 DISRUPTION AND OTHER ANTI-HIV ENTRY THERAPIES
Inhibition of CCR5 is among the best-characterized means of blocking HIV-1 entry. This strategy is particularly advantageous because loss of CCR5 expression is not associated with any significant pathologies; 29, 30 in fact, the CCR5D32-null mutation is stably inherited in a sizeable population in Europe and western Asia. [31] [32] [33] These findings indicate that the targeted disruption of CCR5 should protect an individual from infection with CCR5-tropic virus, without significantly impacting other cellular functions.
Genetic disruption of CCR5 has been documented in human CD34
þ hematopoietic stem cells as well as CD4 þ T-helper cells. Perez and co-workers demonstrated robust disruption of CCR5 in CD4 þ cells, engraftment in an NOG mouse model of HIV-1 infection and enrichment during HIV-1 challenge. These autologous, HIV-resistant CD4 þ T cells are currently being tested in phase I clinical trials as a novel anti-viral therapeutic. 34 , 35 Holt and co-workers 36 performed analogous experiments in human cord blood-derived CD34 þ stem cells. These cells engrafted and repopulated hematopoietic niches in all tissues tested in NSG mice, and were enriched following HIV-1 challenge. More recently, CD34
þ cells transduced with a lentivirus-expressing CCR5 short hairpin RNA, a TAR element decoy, and a rhesus macaque allele of TRIM5a that restricts HIV-1 were also shown to resist infection and confer partial protection against HIV in vitro and in humanized mice. 37, 38 Notably, few studies to date have assessed the efficacy of CCR5-targeted CD34 þ cells in more relevant NHP models or in clinical trials. Nonetheless, experiments in mouse models suggest that engineering HIV-resistant hematopoietic cells via targeting of CCR5 is a feasible strategy, and can be achieved in multiple relevant cell types.
One significant challenge inherent in translating genetic disruption of CCR5 to a larger animal model or clinical trial is the ability to produce gene-targeted hematopoietic cells in relevant quantities, and with sufficient levels of CCR5 disruption. For example, Holt and co-workers 36 demonstrated that CD34 þ cells with biallelic CCR5 disruption frequencies as low as 5-7% were still capable of resisting HIV infection in murine experiments, and also noted that DNA nucleofection, which they used to deliver CCR5-disrupting molecules into CD34 þ cells, was associated with relatively high toxicity. Therefore, it is critical to identify the combination of cell culture, gene delivery and CCR5 disruption conditions that maximizes cell number, viability, function and CCR5 loss of function.
General methods to disrupt a targeted gene of interest, such as CCR5, have been reviewed elsewhere. [39] [40] [41] Briefly, the three best characterized methods, zinc-finger nucleases, homing endonucleases and TAL effector nucleases each work in an analogous manner. Sequence-specific DNA-binding domain(s) target the locus of interest, and a DNA endonuclease domain creates a double-strand break (DSB), which is either repaired by non-homologous end joining or by homologous recombination. 42 Homologous recombination allows for the incorporation of reporter genes or preferential alleles at a targeted locus; so far, it has proven more successful in cell lines than in primary cells. 43, 44 Perez et al. 35 and Holt et al. 36 both exploited the non-homologous end joining pathway to disrupt CCR5, wherein random nucleotide insertions or deletions during DSB repair introduce frameshift mutations, often generating a null allele. 35, 36 While nonhomologous end joining is useful in the disruption of nonessential genes like CCR5, less-efficient homologous recombination pathways must be invoked at target genes for which random mutagenesis could lead to secondary pathologies.
In addition to robust disruption of the targeted locus, it is imperative that any method of targeted disruption be highly specific. A greater number of aberrant cleavage events raises the possibility that an important off-target gene may be disrupted, or that DSB-induced apoptosis may be triggered in the targeted cell. 45, 46 Rational design and thorough vetting using deep sequencing have significantly increased the specificity of gene disruption molecules; 47, 48 DSB-induced apoptosis may be a greater obstacle in some primary cell types. Whereas transformed and immortalized cell lines adapt to higher levels of genotoxic events like DSBs, repeated rounds of DSB induction and DNA repair in primary cells may more rapidly signal to cell death pathways. 49, 50 As mentioned above, only a fraction of cells will acquire mutations at both alleles of CCR5 following genetic targeting. By combining this gene therapy approach with pharmacological approaches, antagonism of HIV entry may be further enhanced. For example, peptides such as C46 and T20/enfuvirtide act as dominant negatives to block membrane fusion. [51] [52] [53] CCR5 binding small molecules, such as INCB9471, Vicriviroc, Aplaviroc and, most notably, Mariviroc, block association with env and are predicted to phenocopy CCR5 genetic disruption. [54] [55] [56] Antibody-based therapies also block env interactions with the cell surface: TNX-355, 57 which binds CD4, PRO 140, 58 which binds CCR5 and b12, 59 the best-characterized HIV-1-neutralizing antibody. Finally, synthetic (BMS-488043, DCM205) and naturally occurring (Griffithsin, Epigallocatechin gallate) small molecules also disrupt the interaction between HIV-1 and CD4 þ cells. [60] [61] [62] [63] Combinations of the aforementioned anti-HIV entry treatments have demonstrated synergistic antagonism of HIV entry. 64 Used as an adjuvant with CCR5 gene therapy, these drugs may offer further resistance to CCR5-tropic virus.
As CD4 has an essential role in adaptive immune responses, 65, 66 genetic targeting of the CD4 gene is not a feasible approach. However, therapies that block interaction between HIV-1 and CD4 without impinging on CD4 function, such as the nonimmunosuppressive TNX-355 antibody, may prove useful in blocking viral entry. In addition, transient inhibition of CD4 has proven useful in a number of autoimmune diseases, 67, 68 and could similarly be used as a short-term adjuvant, for example, during activation and clearance of latently infected CD4 þ T cells. A major concern with all of the above anti-CCR5 therapies is the possible selection for tropism-switching viruses, that is, viruses that evolve to use CXCR4 instead of CCR5 as a coreceptor at the surface of CD4 þ cells. One solution would be to target both CCR5 and CXCR4, as CXCR4 disruption has been demonstrated to reduce HIV infection in a humanized mouse model, similar to CCR5 disruption. 69, 70 Unlike CCR5, no stable CXCR4-null mutations exist in human populations, and CXCR4-null mice die during early embryonic development due to multiple anomalies in hematopoietic, vascular and neuronal development. 71 T-cellspecific CXCR4 knockout mice, however, are viable and lack appreciable T-cell defects, 72 and Wilen and co-workers 69 have demonstrated that CCR5/CXCR4 doubly-disrupted T cells are viable in vitro. In sum, CCR5/CXCR4 disruption is likely intractable in hematopoietic stem cells, but may represent a viable combinatorial therapy in CD4 þ T cells (Table 1) .
INHIBITION OF VIRAL UNCOATING AND INTEGRATION
Cellular restriction factors target and antagonize HIV replication at multiple steps during the viral life cycle, in particular, immediately after the virus enters the host cell (reviewed in Laguette and Benkirane 73, 74 and Yan and Chen 74 ). Of the five best-characterized restriction factors to date (TRIM5a, TREX1, SAMHD1, the APOBEC3 family and BST-2), only BST-2, which antagonizes viral release, does not target viral replication between entry and proviral integration. 75 Furthermore, the vast majority of HAART therapies include at least one component targeting these stages, either inhibitors of HIV reverse transcriptase or HIV integrase. 28 Collectively, these observations suggest that the post-entry uncoating, reverse transcription and genome integration of HIV are highly amenable to antagonism (Figure 1c ).
In the context of curative strategies for HIV, post-entry/ pre-integration is less emphasized relative to inhibition of entry itself. However, several recent publications demonstrate that viral eradication may be more easily achieved by antagonizing multiple early stages of the viral life cycle, from viral entry to integration. For example, Walker and co-workers 37 transduced human hematopoietic stem cells with a triple lentiviral vector expressing a CCR5 short hairpin RNA to antagonize viral entry, a rhesus macaque allele of TRIM5a to antagonize viral uncoating, and a viral TAR decoy to downregulate reverse transcription of viral RNA. This triple protection led to robust resistance against HIV-1 in a humanized mouse model.
The vast body of literature describing the competition between the restriction factor APOBEC3G (A3G) and the HIV accessory protein Vif has recently been modeled in silico, and should prove useful to anti-HIV gene therapy approaches. 76 Utilizing algorithms that describe the in vitro interaction between A3G and Vif, the authors predicted that an A3G mutant that was unable to bind Vif was relatively more resistant to infection than ubiquitinationresistant A3G mutants, or cells treated with an antibody that blocks the interaction of Vif with A3G. However, the authors' model carried the caveat that these therapies must be delivered to nearly 100% of cells to show an effect. These computational studies will be essential to translate in vitro data to relevance in large animal models and clinical trials; similar approaches could be used to construct rationally an ideal gene modification at any anti-HIV restriction factor of interest. For example, a single amino-acid substitution in the TRIM5a B30.2/SPRY domain could restore its ability to bind viral capsid protein and disrupt post-entry viral uncoating. 77 Introduction of the D128K mutation into A3G should block antagonism by Vif and restore A3G's cytidine deaminase activity on viral RNA. 78 Although these optimized restriction factors can be delivered to hematopoietic cells as viral transgenes, the risks associated with transgenic viral delivery preclude this strategy. 16, 79 In addition, both TRIM5a and A3G function as multimers. 80, 81 Hence, endogenous TRIM5a or A3G could dilute the enhanced function of exogenous TRIM5a P332R or A3G D128K, respectively, in a mixed oligomer. To avoid these risks, gene disruption technology could be combined with homologous recombination to target restriction-enhancing mutations to the endogenous locus. The DSB generated by targeted endonucleases like homing endonuclease, zinc-finger nuclease and TAL effector nucleases could be utilized for repair by homologous recombination in the presence of a donor cassette carrying the modified allele of the targeted gene. Recent work demonstrates that this engineering can be performed with non-integrating lentiviruses and cell electroporation. 82, 83 This strategy would allow a gene modification to be introduced at a locus of interest while avoiding all risks associated with viral insertion sites and transgenic expression.
Whether these optimized restriction factors are expressed as transgenes or targeted to the endogenous locus, it is important to consider their function in non-pathogenic contexts. APOBEC proteins edit a number of cellular mRNAs in addition to viral RNAs, 84, 85 whereas TRIM5 proteins activate NF-kB-and AP-1-dependent transcription in a virus-independent manner. 86, 87 Therefore, it will be essential to confirm that expression of modified alleles, especially in hematopoietic precursor cells, does not alter cellular differentiation or function in differentiated hematopoietic cell types (Table 1) . 88 In sum, using targeted endonucleases to modify directly a restriction factor and enhance its anti-viral activity is a key and emerging tool in combinatorial anti-HIV gene therapy, and could be used in tandem with analogous gene disruption strategies, for instance, at the CCR5 locus.
DISRUPTION OF HIV PROVIRUS
Until recently, HIV eradication studies have centered on two broad strategies: prevent infection before proviral integration, as described above, or target latently infected cells for destruction. Although only one out of one million CD4 þ T cells in HAARTtreated patients harbors latent HIV-1 provirus, 89 this viral reservoir is quickly reactivated following cessation of HAART. 90, 91 Therefore, a substantial effort has focused on targeting latently infected cells for viral reactivation. [92] [93] [94] These cells should then be destroyed by the host immune response, although additional strategies to completely clear these virus-producing cells will likely be needed. 95 As this approach carries the potential to eradicate some, if not all, of the latent HIV reservoir, it is a major focus of HIV curative therapies, and several strategies are currently being evaluated in clinicial trials. 96 An important presumption in these trials is that infected cells will be destroyed at a greater rate than reactivated virus is able to spread. 97 Ideally, latently infected, mature hematopoietic cells would be targeted without the risks associated with viral reactivation.
Recently, we have genetically disrupted integrated provirus in infected cells using methods analogous to genetic disruption of CCR5. 98 Using homing endonucleases modified to target conserved sequences within HIV-1, such an approach is feasible, and could be designed to target multiple proviral sites, thus avoiding the problem of viral escape. Importantly, this is the only strategy to date that targets latently infected cells and does not require viral reactivation. 99 It will be interesting to evaluate whether proviral disruption is enhanced in reactivated cells, where chromatin structure at proviral integration sites is more open and accessible. 100 More broadly, combining viral reactivation methods with strategies to prevent viral replication, like CCR5 disruption, could enhance depletion of the viral reservoir while lessening the risk of spreading infection.
DELIVERY OF THERAPEUTIC MOLECULES
Most HIV eradication studies to date have used humanized mouse models to demonstrate efficacy of approaches such as CCR5 disruption in vivo; modeling these strategies in relevant NHP models of HIV infection is the next logical step. Gene disruption studies in NHPs will require redesigned targeted endonucleases that recognize NHP genes of interest. In addition, our preliminary data suggest that gene delivery strategies must be specifically tailored for human versus primate cells: the strategies that work Abbreviations: CCR5, C-C chemokine receptor 5; CXCR4, CXC chemokine receptor 4; DC, dendritic cell.
a Macrophage, DC and T-cell subsets (see Figure 1a) . 
best in human CD34
þ and CD4 þ cells are often suboptimal in NHP cells (our unpublished data). Therefore, it is important to discuss the various gene delivery options available in the two cell types most relevant to HIV-1 infection: CD34 þ hematopoietic stem cells and CD4 þ T-helper cells. As discussed above, integrating retroviruses offer sustained, robust expression of anti-HIV transgenes, including exogenous restriction factors 37 and peptides. 52, 53 For therapeutic use, the long tandem repeats in these viruses must be extensively engineered to minimize their promoter activity and consequent oncogenic risks. 16 Furthermore, identification of the ideal transducing retrovirus is often dependent on cell type and species, and must consider the best retroviral subtype and pseudotype for optimal gene delivery. 79 An important development over the past several years has been the advent of non-integrating retroviruses that are able to express transgenes of interest, but are not able to integrate into the host genome. 83, 101 In addition to the advantage of avoiding insertional mutagenesis, these vectors also facilitate robust expression of genes of interest over shorter time frames. This is ideal for the delivery of targeting endonucleases, whose longer-term expression may lead to off-target cleavage events. Importantly, non-integrating lentiviruses may still integrate into host genomes at low frequencies, although the relative incidence of such events remains controversial. 102, 103 Adenoviral delivery holds an advantage over lentiviral delivery in that adenoviruses are intrinsically non-integrating. 104, 105 Adenovirus has proven especially useful in the delivery of CCR5-and CXCR4-modifying enzymes into human and macaque CD4 cells. 35, 69, 70 Two cautionary notes must be made when considering adenoviral delivery-based gene therapy approaches. First, the production of adenoviral particles is among the most time-consuming of any vector system, taking several weeks as compared with several days for retrovirus production. 106, 107 Second, the well-documented failure of the HIV-1 STEP trial has raised questions for the clinical use of adenoviral-mediated gene delivery: as adenoviruses activate a subset of CD4 þ cells, and activated CD4
þ cells are at highest risk for infection by HIV, adenoviral delivery methods may actually increase short-term susceptibility to HIV infection. 108, 109 However, use of adenoviral vectors to target genes of interest in primary cells ex vivo is likely to carry significantly less risk than their use in vivo in vaccine trials such as STEP.
Adeno-associated viruses (AAVs), like adenoviruses, do not integrate into the host genome, but are drastically less timeconsuming to produce. AAV serotype 2-based vectors are the best-characterized for transduction of human hematopoietic cells, although AAV2 immunogenicity is still under debate. [110] [111] [112] [113] Further work demonstrates that AAV vectors may be ideally suited for the introduction of donor cassettes for homologous recombination following gene disruption. 114 In sum, AAV vectors offer a promising mode of delivery for both anti-HIV transgenes and gene modification templates, but require extensive further testing in most model systems. In NHP models of HIV, for instance, the use of AAV-mediated gene delivery remains in early stages, and may require re-optimization relative to findings in human cells. 115 Two non-viral gene delivery strategies have emerged in anti-HIV therapeutics. Cell electroporation has gained popularity as various devices and electrochemical programs have been optimized to maximize delivery of DNA and RNA cargoes at minimal cost to cell viability. These parameters have led to the successful transduction of CCR5-specific zinc-finger nucleases into human cord blood CD34 þ cells, which were able to engraft into humanized mice and expand following HIV-1 challenge. 36 As discussed above, cell electroporation studies will likely need to be designed on a species-and cell type-specific basis to optimize cell viability and gene delivery.
Nucleic acid aptamers and dendrimers 116, 117 have been designed to target both CD4 and HIV env, and represent another nonviral means of anti-HIV gene delivery. These antibody-like molecules can be conjugated to anti-viral or proapoptotic mRNAs or short hairpin RNAs, which are endocytosed after binding to their specific cell surface epitope. 118 An important consideration for both mRNA electroporation and aptamer/ dendrimer-based gene delivery is the stability of these molecules in vivo. While DNA delivery is more stable, it is also more toxic, especially in primary cells; 119 synthesis of mRNA cargoes using pseudouridine and 5-methyl cytosine imparts stability comparable to DNA, without associated toxicity. 119, 120 CONCLUSIONS AND FUTURE PROSPECTS The Berlin Patient has catalyzed the field of stem cell-based anti-HIV therapy. However, to make these approaches more applicable to a larger number of patients will most likely require the introduction of additional HIV resistance factors, concurrent with stem cell-based treatments. Here we reviewed the breadth of stem cell-based gene therapy approaches currently in development, additional anti-HIV treatments that could be used in combination and potential modes of delivery for these therapies. Although the majority of work centers on blocking viral entry in uninfected cells and destroying latently infected cells, other emerging strategies have shown great promise as well. In combination, these methods could potentially minimize HIV disease burden to levels associated with disease eradication. Alternatively, these methods may result in a functional cure, wherein a smaller proportion of cells could still harbor HIV provirus, and extremely low levels of viremia may still be detectable, yet patients would remain aviremic in the absence of HAART.
The recent developments in stem cell-based anti-HIV therapies, the ability to genetically and pharmacologically target multiple stages of the viral life cycle, and the ability to safely deliver these therapies to infected cells, promise new curative treatments that should prove applicable to HIV patients worldwide.
